Increasing demands for miniature metallic parts have driven the application of microforming in various industries. Only a limited amount of research is, however, available on the forming of miniature features in high strength materials. This study investigated the forming of microfeatures in Type 304 stainless steel by using the coining process. Experimental work was performed to study the effects of workpiece thickness, preform shape, grain size, and feature size on the formation of features ranging from 320μmto800μm. It was found that certain preform shapes enhance feature formation by allowing a favorable flow of the bulk material. In addition, a flow stress model for Type 304 stainless steel that took into consideration the effects of the grain and feature sizes was developed to accurately model and better understand the coining process. Weakening of the material, as the grain size increased at the miniature scale, was explained by the Hall-Petch relationship and the feature size effect. 
Introduction
Over the past decade, the emergence of miniaturization technology has introduced innovative applications in many areas such as electronics, automobiles, medical devices, alternative power generators, and so on. The trend toward highly integrated, compact devices necessitated the development of competitive mass production technologies to supply miniature parts. Because metal forming is one of the most commonly used mass production methods, investigations on the scaling down of the conventional size forming processes have expanded rapidly since the early 1990s. System miniaturization and the ensuing size effects have been investigated in various application areas of the forming technology, including miniature scale bending ͓1-3͔, microextrusion ͓1,4-7͔, coining ͓8-10͔, microdeep drawing ͓11͔, and modeling/simulation ͓12-14͔.
For coining or embossing, however, studies addressing the miniaturization effects are scarce and limited to a few materials. Because of the large forces involved, even at a reduced size, and the difficulties associated with tool wear, experimental studies have been generally conducted on soft metallic materials such as copper, aluminum, and ZnAl alloys. Ike, in his study in 1998, used a pure half-hard aluminum alloy as a blank and forged uniformly distributed surface microprojections that were 175 m in diameter and 28 m in height at the pitch of 260 m ͓8,9͔. At the IWU Chemnitz, various embossing technologies were analyzed to assess the applicability of the microformed structures in the fields of optics and microfluidics ͓15,16͔. Tools were made of silicon, and various workpiece materials such as aluminum, copper, brass, and stainless steel were tested. The feature sizes were about 10 m with surface roughness of 20 nm.
In this study, we investigated the characteristics of the coining process when it was used to produce microprotrusions in Type 304 stainless steel. The effects of specimen thickness, preform shape, and grain size have been investigated experimentally. Furthermore, to acquire a deeper understanding of miniaturization effects, a flow stress model has been developed for Type 304 stainless steel, one that incorporated both the grain and feature size effects. This paper has been structured as follows. In Sec. 2, experimental setup and specimen preparation procedures are described. In Sec. 3, the size effects are explained and a model for Type 304 stainless steel is developed. In Sec. 4, experimental results are presented and discussed along with the simulation analysis. Finally, concluding remarks are presented in Sec. 5.
Experimental Setup and Procedures
The experimental setup consists of a compression testing system and a die/punch set, as shown in Fig. 1 . An Instron Model 1335, which has a maximum load capacity of 2200 kN, was used in the experiments. The die/punch set was fabricated from D2 tool steel, which was precision ground and heat treated to HRC 58 for increased accuracy and hardness. The average surface roughness ͑Ra͒ of the die and punch, as measured by a stylus profilometer, was 0.3 m. The approximate compressive yield strength at this hardness for D2 tool steel is 2.0 GPa. The die/punch assembly was placed between the upper and lower platens of the Instron testing system, and the force-displacement data were recorded during the forging process. To facilitate the ejection procedure, a minimal amount of mineral oil was applied to the die-punch and die-punch-workpiece interfaces. Each experiment was stopped at the target maximum load and was held for 15 s before releasing. For all the experiments, the punch speed was set to a constant value of 0.51 mm/ min.
Detailed channel geometries that were engraved in the die are shown in Fig. 2 . Three channel widths of 320 m, 500 m, and 800 m with two channel height-to-width ratios of 1 / 1 and 1 / 2 were engraved on the die using electrodischarge machining ͑EDM͒. The corner radius was determined and limited by the wire diameter. A detailed study on the effects of channel geometry was performed previously ͓10͔. The microchannel dimensions were measured by the blade inspection machine ͑BIM͒ ͓17͔, which consisted of a laser scanning probe and a three-axis stage. The measurements were made at five different cross sections. The range of the measured channel dimensions was within 6 m.
The composition ͑provided by the manufacturer͒ of the austenitic, Type 304 stainless steel that was used in the experiments is reported in Table 1 . The specimen was reported to be annealed at 1070°C for 0.5 h after which it was water quenched. The grain size specified in the manufacturer's data sheet was ASTM E112 No. 5, which is equivalent to approximate grain diameter of 63.5 m.
The detailed parameter values investigated in the study are summarized in Table 2 . Circular specimens were prepared from a single stainless steel plate by grinding followed by wire EDM. To observe the grain structures, the specimens were polished initially with a 320 grit size sandpaper and then finished with 0.05 m Al 2 O 3 particles. The grain boundaries were revealed by the electrolytic etching process using 10% aqueous oxalic acid. An electric current of 12 V and 1.5 A was applied to the submerged stainless steel specimen for about 2 min until grains were visible.
The heat treatment process employed to modify the grain structure is described in Fig. 3 , along with the resulting grain structures observed under an optical microscope. The grain size, defined as the linear mean intercept length, of the as-received, untreated specimen was 64 m, which was very close to the manufacturer's specification of 63.5 m. Heat treatments A and B resulted in grain sizes of 51 m and 135 m, respectively. All the experiments were repeated at least three times, and the average values were reported along with the maximum and minimum values.
Modeling of the Size Effect
In order to simulate the microforming process accurately, appropriate models for material behavior across a large range of size scales are necessary. As the material evolves through a sequence of manufacturing steps, so must the constitutive equations representing them. Nevertheless, the lack of available material models and complications associated with linking different size scales have limited the utilization of simulation tools ͓18͔.
Engel and co-workers initiated the study on the miniaturization effects of the flow stress of polycrystalline metallic specimens ͓1-4,19͔. As miniaturization occurs, scaling effects take place, and the resulting consequences vary, depending on the length scales. Many researchers have observed a decreasing trend in the flow stress as the size of a specimen or feature approaches the size of a grain ͓1,2,4,19͔. Geissdorfer et al. ͓12͔ initially applied HallPetch relationship in microforming based on the work of Ashby ͓20͔. In a recent study by Kim et al. ͓13͔ , the size effect on the flow stress of a metallic material was quantified by a scaling equation, including both the grain and the feature size effects as given by the following:
where ␣ and ␤ are the scaling parameters defined by the grain number ͑n͒, which is the ratio of the characteristic feature dimension to the grain size ͑d͒. In the equation, ␤ equals 0 for a single crystal material, and ␣ and ␤ equal 1 for a polycrystalline material that contains large number of grains, even for the smallest features in the product. M is the orientation factor, R is the resolved shear stress, k is the grain boundary resistance, and is the strain. The constants and parameters in Eq. ͑1͒ have been determined for Type 304 stainless steel through the following procedure. Austenitic stainless steels, including Type 304, have a face centered cubic ͑fcc͒ crystal structure. According to the Taylor and Sachs models ͓21͔, M is found to be 3.06 and 2.23 for fcc crystals, Transactions of the ASME respectively. The Taylor model is the upper-bound model that assumes the strains to be the same in all grains, and equal to the macroscopic strain. The Sachs model is the lower-bound model, which assumes equal stress in all grains. The flow stress model employed a value of 2.6, which was about halfway between the values reported by the two models. The value also corresponds to the simulation study conducted by Lorentzen et al. ͓22͔ for pure aluminum and copper, which also have a fcc crystal structure. ␣ and ␤ are geometrical parameters that were determined from Fig.  4 ͓13͔. The grain number ͑n͒ can be calculated from the feature dimensions ͑width and length of the channels͒ and the grain size ͑d͒ can be calculated using Eq. ͑2͒. 
͑2͒
According to Eq. ͑1͒ and Fig. 4 , as the grain number decreases, i.e., as the features become smaller, the values of ␣ and ␤ decrease. Therefore, Eq. ͑1͒ approaches the behavior of a single crystal.
In Eq. ͑1͒, since the values of M, ␣, ␤, and d are known, only two parameters, R ͑͒ and k͑͒, need to be determined to calculate the flow stress. To determine the values of R ͑͒ and k͑͒, the stress-strain curves for different grain sizes obtained from the experimental work of Ulvan and Kours ͓23͔ were utilized. As shown in Fig. 5 , the flow stress curves exhibit the typical grain size effect: As the grain size increases, the flow stresses decrease accordingly. Since the stress-strain curves in Fig. 5 were obtained for polycrystalline specimens ͑␣ = ␤ =1͒, R ͑͒ and k͑͒ can be calculated by using two flow stress curves.
Detailed modeling of the workpiece is described in Fig. 6 . The grain sizes used in the experiments were 51 m, 64 m, and 135 m, and the simulation was performed for two grain sizes, 51 m and 135 m. According to the grain size and the channel dimensions, the values of n, ␣, and ␤ can be calculated for each row from Fig. 4 . As the material is squeezed into the channels, the widths and lengths of the channels represent w and L in Fig. 4 , respectively ͓13͔. The calculated values are summarized in Table  3 , and the resulting flow stress curve for each row is shown in Fig.  6 . The material surrounded by the rectangular box was considered to be a polycrystal region and was modeled by the solid lines in Fig. 6 . As soon as the material flowed into the microchannels, Rows 1, 2, and 3, the respective flow stresses were calculated based on the values of n, ␣, and ␤ given in Table 3 and were applied to the material flowing in each channel.
The simulation was carried out by commercial software, MSC MARC. The von Mises yield condition was assumed, and Eq. ͑1͒ was implemented to describe the flow stress inside the microfeatures. The simulation model replicated the dimensions and the locations of the channels in the experimental system. The cylindrical 3D workpiece was represented by a 2D model with quadrilateral plain strain elements, as shown in Fig. 6 , assuming a rigid body behavior of the punch and the die. The assumptions and simplifications are acceptable since the actual channels were straight. The friction by itself is subject to size effects and is dependent on topography and lubrication ͓6,24͔. An appropriate value for the conditions used in this study was, however, unavailable. Thus, a constant Coulomb friction coefficient of 0.2 was employed in the simulation. 
Results and Discussion
A typical stainless steel sample and the force-displacement curve obtained from the experiment are shown in Fig. 7 . As the punch traveled at a constant speed, a linear increase in the force was observed up to 650 kN. The protrusion heights were measured at five different locations in each channel at specified sections. The measured protrusion heights for the as-received stainless steel sample are shown in Fig. 8 . For all the channels observed, the protrusion heights at the center ͑Secs. 2-4͒ of the formed workpieces were higher than those from the edges ͑Secs. 1 and 5͒. The protrusion heights decreased as they approached the perimeter of the specimen. This may be explained by the uneven pressure distribution between the punch and the workpiece surface. It is known that the upsetting pressure is the highest at the center of the punch and that it decreases as it approaches the edge ͓25͔. In an ideal situation, when there is no clearance between the punch and the die, the pressure distribution will be uniform for a perfectly flat punch surface. The formation of lips along the edges of the formed part, however, indicated the existence of a gap between the die and the punch. Hence, the pressure was reduced in the vicinity of the edges where the material flowed into the gap, resulting in lower protrusion heights.
The effect of workpiece thickness and the preform shape on the feature formation has been investigated, as shown in Fig. 9 . The protrusion heights compared at two different thicknesses showed that the thicker specimen ͑t = 6.5 mm͒ resulted in higher protrusions than the thinner specimen ͑t = 1.2 mm͒ when compared at the same loading condition of 650 kN. Squeezing of the material into the cavity required more force in thin specimens ͓10͔.
The two types of preforms investigated in the study, the chamfered and the smaller diameter ͑ 24 mm͒, resulted in better feature formation when compared with the original specimen of 24.9 mm. As pointed out by Ike ͓8͔, the bulk plastic flow of the material has a significant effect on the formation of surface microfeatures. When radial expansion is constrained, the bulk material remains elastic even under a high nominal pressure. As a result, the plastic deformation is limited to the surface layer, which means that the formation of the protrusions is possible only by bulging of the materials in the valleys. This requires a higher forming load. In the chamfered case, the void space introduced the bulk plastic flow and promoted the surface feature formation. Similarly, in the case of the smaller diameter of 24 mm, the material initially flowed in a radial direction ͑from the center to the edge of the workpiece͒, filling the die cavity while simultaneously flowing into the microchannels in the thickness direction. The observation indicated the significance of the effect of the bulk material flow induced by the preform shape. At a force of 650 kN, the smaller diameter specimens ͑ 24 mm͒ had already filled the die cavity of 25 mm through radial expansion, and thus did not provide additional bulk material flow. On the other hand, for the chamfered specimens, the deformed part at 650 kN still had a remaining chamfered portion, which caused the material to continue to fill the remaining chamfered volumes and enhanced the material filling behavior. When considering the material flow at the surface where the protrusions are formed, thickness direction flow is preferred over radial direction flow since the radial flow will shear the root of the features as evidenced by Ike ͓9͔. Therefore, the chamfered-type preform is effective for high aspect ratio features.
The grain size has been varied as described in Sec. 2 in order to investigate the microstructural effects. The results for three different grain sizes are shown in Fig. 10 . The protrusions that were formed from a large channel width of 800 m, Rows 3 and 6, did Transactions of the ASME not show significant effects from the grain sizes considered in the study. On the other hand, an increase in the feature height was observed for the channels with 320 m width, Rows 1 and 5, as the grain size became larger. The deformation of grains in the features is shown in Fig. 11 for both the as-received and heattreated specimens. In order to gain better insight to the effects of grain and feature sizes, a simulation analysis was performed, as described in Sec. 3. The force-displacement curve of the simulated case with a grain size of 51 m is shown in Fig. 12 . The experimental results agreed well with the results predicted by the simulation. The snapshots taken at three different forces showed that the shallower channels filled first. The result agreed with the experimental finding of Kim et al. ͓10͔ that the channel depth determined the required punch load, as opposed to the channel width or the aspect ratio.
Simulated feature height-to-channel depth ratios at 650 kN are presented in Fig. 13 along with the measured values obtained from the experiments. The force calculation for the simulated case was acquired at the equivalent surface area of the punch diameter of 25 mm. The simulated results accurately predicted the combined effects of grain and feature sizes. The trend and the magnitude of the feature height for all of the channels agreed well with the experimentally measured values.
The observation agreed with the Hall-Petch relationship that the material weakened as the grain size became larger. Added to this is the miniaturization effect where the flow stress decreased as the ratio of the size of the feature and grain decreased. By comparing the n values calculated for the grain sizes of 51 m and 135 m, the approximate weakening due to miniaturization may be estimated in addition to the weakening caused by the grain enlargement. For the grain size of 51 m, the first term in Eq. ͑1͒ decreased by 2% and the second term decreased by 5%. For the larger grain size of 135 m, the decrease in the flow stress by miniaturization was larger: 2% in the first term of Eq. ͑1͒ and 12% in the second term.
Conclusions
The characteristics of microfeature forming of Type 304 stainless steel by the coining process have been investigated. An experimental study was performed to examine the effects of workpiece thickness, preform shape, and grain size on the feature formation. Thicker specimens and the specimens with preforms resulted in an enhanced feature formation when compared with the original workpiece. Although feature formation occurred at the surface, the bulk material flow had a significant influence on the feature formation. As observed in the cases of the two preforms, the smaller diameter and chamfered types, the location, shape, and size have to be carefully considered for the preforms to be effective. Furthermore, a model for Type 304 stainless steel, which considered both the grain and feature size effects, was developed and implemented into a finite element simulation tool for accurate analysis. As the grain size increased at the miniature size scale, two effects influenced the behavior of the material. One effect is the material weakening according to the Hall-Petch relationship related to the effect of grain size. The other is the material weakening from the miniaturization of the features relative to the grain size. The model successfully predicted the interaction of the two effects and provided insight into the understanding of miniaturization effect in coining of Type 304 stainless steel. Moreover, the model provides a means to extend the use of continuum plasticity and to simulate metal forming processes at microscale lengths cost-effectively. However, further improvements on more efficient modeling technique are necessary since the flow stress curves are dependent on geometrical locations within the specimen. 
